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Trochoblasts of the mollusc Patella vulgata differentiate early in development into ciliated cells due to a cell intrinsic
developmental capacity. The third cleavage appears to be decisive for their speci®cation. Permanent inhibition of cleavage
after the third cleavage, as induced by a continuous incubation with the drug Cytochalasin B, had no effect on trochoblast-
speci®c gene expression later in development. However, permanent inhibition of cleavage before third cleavage abolished
trochoblast differentiation including trochoblast-speci®c gene expression. Inhibition of just the third cleavage itself was
suf®cient to repress trochoblast-speci®c gene expression. In contrast, inhibiting the second or fourth cleavage did not effect
trochoblast-speci®c gene expression. Correct formation of micromeres at the third cleavage is required to obtain trochoblast-
speci®c gene expression as was shown in experiments in which the formation of micromeres during third cleavage was
suppressed by pressure. In addition, centrifugation before or during the third cleavage disturbs trochoblast-speci®c gene
expression, whereas centrifugation after the third cleavage does not affect trochoblast-speci®c gene expression. Thus, during
the third cleavage a decisive step in the determination of developmental fate of trochoblasts takes place, likely resulting
in a segregation of activating and inhibitory determinants. Trochoblast-speci®c markers in Patella were only expressed in
embryos that were division arrested after third cleavage. This suggests that a segregation of differentiation potentials has
to take place before trochoblast differentiation markers are expressed. The restriction of differentiation potentials in the
cleaving stage embryo is thus required to enable trochoblast-speci®c gene expression. q 1996 Academic Press, Inc.
INTRODUCTION least partly on maternally provided regulatory molecules
(Davidson, 1990). The best studied example is pattern for-
mation in the Drosophila embryo, in which asymmetricallyAs an embryo proceeds through its cleavage divisions the
localized maternal gene products are used to determine theblastomeres take on their specialized developmental fates.
anterior±posterior and the dorsoventral axes (Tautz, 1992).Speci®cation commits the blastomeres to express genes as
In addition, in Xenopus embryos localized maternal deter-part of their differentiation process. Two mechanisms can
minants may play an important role in pattern formationbe distinguished that play a role in determining the develop-
(Melton, 1991). Developmentally important RNAs such asmental fate of a cell. (1) Regulatory molecules from mater-
Vg1, Xwnt11, and Xcat2 become localized at the vegetalnal origin are distributed to particular blastomeres exclu-
cortex of the Xenopus oocyte (Weeks and Melton, 1987; Kusively and in this way determine the developmental fate of
and Melton, 1993; Mosquero et al., 1993; Yisraeli et al.,these cells or (2) regulative interactions between cells take
1990; Kloc and Etkin, 1995). In the nematod Caenorhabditisplace, in which one cell determines the fate of the other via
elegans, localized determinants such as the SKN-1 and GLP-an inductive signal. Most embryos combine both mecha-
1 protein are required to specify particular cell fates (Woodnisms.
and Edgar, 1994; Evans et al., 1994; Bowerman, 1995). Addi-In most species, early embryogenesis relies initially at
tionally, for a number of other animals, such as ascidians,
annelids, and molluscs, it was demonstrated that localized
determinants are involved in speci®cation processes al-1 These authors contributed equally to this work.
though the determinants involved are not yet identi®ed.2 To whom correspondence should be addressed. Fax: (/)31 30
2532837. E-mail: j.h.e.m.klerkx@biol.ruu.nl. Regional localization of maternal gene products and restric-
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tion of their action therefore generally play an important choblasts was observed when the third cleavage was
blocked by Cytochalasin B (CCB). Therefore, the third cleav-role in specifying the developmental fate of cells and estab-
lishing the body plan. age seems to be crucial for the speci®cation of the primary
trochoblasts.Embryos with a spiral cleavage exhibit a very constant
cleavage pattern and a highly determinative development In the present paper we restricted ourself to the autono-
mously differentiating primary trochoblasts. The other tro-(Verdonk and van den Biggelaar, 1983; van den Biggelaar et
al., 1996; van den Biggelaar and Haszprunar, in press). Dur- choblasts cell lines, the accessory and secondary tro-
choblasts, are formed later in development, presumably ining the early cleavage stages in spiralian embryos unequal
allocation of morphogenic molecules to different blasto- a corresponding way (Wilson, 1904; Damen and Dictus,
1996), although in the D-quadrant cellular interactions aremeres determines the developmental fate of the cells (Wil-
son, 1904; Costello, 1945). In molluscs and annelids, the also involved in the speci®cation of these trochoblasts (Da-
men and Dictus, 1994a). As the primary trochoblasts areprimary trochoblasts are the ®rst fully speci®ed cells (Wil-
son, 1904; Costello, 1945; Janssen-Dommerholt et al., formed earlier in development than the accessory and sec-
ondary trochoblasts and, in contrast to these trochoblasts,1983). Soon after their speci®cation these cells display mor-
phological differentiation (Damen and Dictus, 1994b). The differentiate completely autonomously, only the role of the
cleavages in the speci®cation of primary trochoblasts wasprimary trochoblasts, together with the later formed acces-
sory and secondary trochoblasts, form a transverse band of investigated in this paper.
The molecular marker (tubulin) provides us with the pos-ciliated cells, the so-called prototroch. This prototroch is
the locomotory organ of the free swimming trochophore sibility of investigating the role of the cleavages in the segre-
gation of factors which control tubulin gene expression inlarva. By their early speci®cation and differentiation the
trochoblasts are an excellent model for unraveling the trochoblasts. The drug CCB was used to block cleavages in
the Patella embryo. The potential to form primary tro-mechanisms which control the regulation of spatial gene
expression in the spiralian embryo. choblasts appeared to be restricted initially to the ®rst quar-
tet micromeres at the 8-cell stage and second to the primaryTrochoblast differentiation is well studied in the mollusc
Patella vulgata (Damen et al., 1994; Damen et al., in press; trochoblasts at the 16-cell stage. This potential was sup-
pressed when correct formation of micromeres at the thirdDamen and van Loon, 1996; van der Kooij et al., 1995; Wil-
son, 1904; Janssen-Dommerholt et al., 1983; Serras et al., cleavage was prevented, either by blocking the third cleav-
age with CCB or by changing the angle of the cleavage fur-1990; Serras and Speksnijder, 1991; Damen and Dictus,
1994a,b). At the 16-cell stage four primary trochoblasts are row at the third cleavage by exposure the embryos to pres-
sure. In order to con®rm that a pattern of determinants isformed, one in each quadrant. After two additional divi-
sions, morphological differentiation of these cells becomes present just before third cleavage which becomes ®xed by
the cellularization at the third cleavage, this pattern of regu-manifest as a permanent cleavage arrest and an extensive
ciliation (Damen and Dictus, 1994b). Preceding their last latory determinants was disturbed by centrifugation just
before third cleavage.division, the primary trochoblasts already extensively ex-
press tubulin genes (Damen et al., 1994). The differentiation
of the primary trochoblasts and the accompanied expression
of tubulin genes is the result of the cell-intrinsic develop- MATERIALS AND METHODS
mental capacity of the trochoblasts. At the 16-cell stage
primary trochoblasts contain all information necessary for Embryo Handling, CCB Incubations, and Pressure
further differentiation. Isolated primary trochoblasts from and Centrifugation Experiments
the 16-cell stage differentiate as in the intact embryo: they
Embryos were obtained by in vitro fertilization and synchro-divide only twice, ciliate, and form a band of F-actin (Wil-
nously dividing embryos were selected at the ®rst, second, or third
son, 1904; Janssen-Dommerholt et al., 1983; Serras and cleavage (Damen et al., 1994). Before incubation with dihydrocyto-
Speksnijder, 1991). This autonomous development is likely chalasin B (CCB; Sigma St. Louis, MO), the embryos were washed
the result of allocation of gene regulatory molecules in these once in MPFSW (Millipore ®ltered seawater) containing 0.1 mg/ml
cells in the preceding cleavages. CCB and then incubated in MPFSW containing 0.1 mg/ml CCB.
Embryos, which were treated with CCB for a certain period only,The question then arises how the regional speci®cation
were washed twice in MPFSW after CCB incubation and thenis established. Until now, no factor could be identi®ed or
reared in MPFSW.isolated which is responsible for speci®cation of any cell
The CCB stock solution was made in DMSO (1 mg/ml); therefore,type in the spiralian embryo. At the 16-cell stage, the pri-
the incubations with 0.1 mg/ml CCB also contained 0.01% DMSO.mary trochoblasts are fully speci®ed (Wilson, 1904) and
Control embryos were reared in MPFSW containing 0.01% DMSOgene regulatory factors which switch on cell-speci®c tu-
and developed normally; thus, 0.01% DMSO had no effect on devel-
bulin genes one division later should be present in these opment.
cells (Damen et al., 1994). The transition from the 4- to the In pressure experiments, correct formation of micromeres during
8-cell stage seems to be essential for later differentiation of the third cleavage was obstructed by placing the embryos from 10
primary trochoblasts in Patella (Janssen-Dommerholt et al., min before the third cleavage until 10 min after the third cleavage
between a glass slide and a cover slide in a droplet of MPFSW,1983). No morphological differentiation of primary tro-
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surrounded by mineral oil. A paper tissue was used to remove as al., 1984) was isolated. cDNA of oocyte RNA was prepared in a
reverse transcriptase reaction using random primers [pd(N)6, Phar-much as oil as needed to compress the embryos slightly. As all
embryos orientated with either the animal pole or the vegetal pole macia]. This cDNA was used in a standard PCR reaction with
the 28s-1 primer (5*-dATCGAATTCAATCCCCCGCTCGGACC-up, pressure was in all cases submitted along the animal±vegetal
axis. During the third cleavage no micromeres are formed in these TCGGC-3* ) and the 28s-2 primer (5*-dATCAAGCTTTGCCG-
GTATTTAGCCTTAGATGGA-3* ). The primers were designedembryos but the direction of the cleavage furrow is turned such
that eight cells in one plane are formed. Ten minutes after the based on sequence data for Patella rRNA as described by Tillier et
al. (1992). The cycle used for PCR was: 1 min 947C, 2 min 557C,cleavage the cover slide was removed and the embryos were reared
in MPFSW. and 2 min 727C for 35 cycles, then 10 min at 727C. The resulting
PCR fragment was digested with EcoRI and HindIII and cloned intoFor the centrifugation experiments, embryos were centrifuged at
2000g for 15 min in MPFSW at 187C. Then the embryos were reared pGEM7Zf(/). The clone was sequenced. The nucleotide sequence
will appear in the EMBL, GenBank, and DDBJ Nucleotide Sequencein MPFSW.
Databases under the Accession number X86817.
Hoechst Staining and in Situ Hybridizations
Northern BlottingHoechst staining and in situ hybridizations were basicly per-
formed as described before (Damen et al., 1994). For the in situ Northern blotting was performed as described by van Loon et al.
hybridizations, embryos were ®xed at 3 hr 30 min (40-cell stage) (1991). 32P-labeled a-tubulin (van Loon et al., 1995) and 28s rRNA
unless indicated otherwise. In the in situ hybridizations an anti- probes were used in the hybridizations.
sense RNA probe of a-tubulin-2 cDNA (van Loon et al., 1995) was
used instead of a DNA probe. Control reactions were performed
with the sense probe. Just before the incubation with the anti-
digoxigenin antibody a RNase A treatment was done (10 min, 50 RESULTS
mg RNase A in PBS-T; PBS-T is PBS plus 0.1% Tween 20) followed
by a blocking step (1 hr in 1% blocking reagent (Boehringer-Mann- Cytochalasin B Blocks Cytokinesis but Not
heim) in PBS-T supplemented with 1/100 diluted normal sheep Karyokinesisserum (Sigma).
Gallocyanin stainings were done as described by van den Bigge- In order to be able to investigate the effect of cleavages
laar (1977). on trochoblast speci®cation we ®rst analyzed the effects of
the drug CCB on cytokinesis and karyokinesis. Cytokinesis
was blocked by a continuous incubation in 0.1 mg/ml CCBImmunocytochemistry
in seawater. In embryos incubated with CCB from 10 min
For whole mount immunocytochemistry, dejellied embryos were after the ®rst, second, third, or fourth cleavage, no further
®xed in 70% ethanol, 50 mM glycine, pH 2.0, at 0207C for 16 hr. cell division was observed. Up to the ®fth cleavage, neither
Embryos were rehydrated by 5-min wash steps in 50 and 30% etha- a delay nor an acceleration of nuclear divisions was ob-
nol and three additional wash steps in PBS-T, respectively. Embryos
served in the CCB-treated embryos, resulting in blasto-were incubated for 10 min in PBS-T supplemented with 0.3% BSA
meres with 2, 4, 8, or 16 nuclei (Fig. 1). Thus, CCB treatment(PBS-TA) and subsequently for 2 hr with primary antibody (mono-
affects cytokinesis but not karyokinesis. From the sixthclonal anti-b-tubulin, code N357, Amersham, Buckinghamshire,
cleavage onward (transition from 32- to 64-cell stage), manyUK), 1:2000 diluted in PBS-TA. After four 10-min wash steps in
condensed spots were found in Hoechst-stained embryos,PBS-T, the embryos were incubated for 1 hr with secondary anti-
body at 377C (anti-mouse Ig antibody from sheep conjugated to much more than expected for one division, and independent
alkaline phosphatase, Fab fragments, Boehringer-Mannheim, Ger- of the stage at which CCB treatment started. These cells
many), 1:200 diluted in PBS-TA. After three 10-min washes in PBS- seemed to contain more and highly condensed nuclei com-
T and two 5-min washes in TMN (100 mM Tris/Cl0, pH 9.5, 50 pared to control embryos. This was con®rmed by staining
mM MgCl2, 100 mM NaCl), embryos were stained and observed the nuclei with gallocyanin which shows nuclei containing
as described previously for whole mount in situ hybridization (Da-
chromosomes in a metafase state (not shown). The con-men et al., 1994). Embryos were ®xed at 4 hr 15 min after ®rst
densed spots which appear in CCB-treated embryos at thecleavage (64-cell stage).
sixth cleavage are likely the result of abnormal nuclear divi-
sions that may be caused by extra spindles formed between
Scanning Electron Microscopy (SEM) and the centrosomes of neighboring nuclei in these syncytial
Transmission Electron Microscopy (TEM) cells during the sixth division.
When embryos were exposed to CCB during just oneSEM was done as described for Lymnaea by CreÂ ton et al. (1994).
cleavage, only the cytokinesis during this cleavage wasTEM was done as described by Serras and Speksnijder (1991). Em-
blocked. If the third cleavage was suppressed, the embryosbryos were ®xed at 4 hr 15 min after ®rst cleavage (64-cell stage).
directly passed from a 4- to a 16-cell stage when control
embryos passed from the 8- to the 16-cell stage. Similarly,
Isolation of a 28S rRNA PCR Fragment embryos in which the second cleavage was suppressed di-
rectly passed from a 2- to an 8-cell stage; when the fourthA 231-bp PCR fragment of the Patella 28s rRNA molecule ho-
mologous to positions 116±344 in mouse 28s rRNA (Hassouna et cleavage was suppressed, the embryos passed from an 8- to
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FIG. 1. Cytochalasin B blocks cytokinesis but not karyokinesis. Control and CCB-treated embryos labeled with Hoechst. Embryos were
continuously incubated with CCB from the 4-cell stage onward (from 10 min after second cleavage; B, E, H) or from the 8-cell stage
onward (from 10 min after third cleavage; C, F, I); control embryos are shown in A, D, and G. Embryos were ®xed and labeled with
Hoechst at the 32-cell stage (3 hr after ®rst cleavage; A±C), at the 64-cell stage (3 hr 45 min after ®rst cleavage; D±F), or at the 88-cell
stage (4 hr 45 min after ®rst cleavage; G±I). Scale bar, 50 mm.
a 32-cell stage. The cleavage pattern in these embryos is sixth cleavage (Damen et al., 1994), the drug CCB can be
used to study the role of cleavages in trochoblast-speci®cirregular and it is impossible to identify the origin of the
different cells. The nuclei of these cells seem to be normal, gene expression.
and no condensed nuclei were found (not shown). Thus,
after removing the CCB, cytokinesis is resumed and during
Trochoblast-Speci®c Gene Expression Is Abolishedthe next cleaving cycle cellularization takes place around
If Cytokinesis Is Blocked before Third Cleavage,each nucleus.
but Not If Blocked after Third CleavageUp to the sixth cleavage, CCB disturbs cytokinesis, with-
out affecting karyokinesis. As trochoblast-speci®c tubulin To test whether the third cleavage is required for tro-
choblast-speci®c gene expression, this cleavage was blockedexpression starts from the 32-stage onward, i.e., before the
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FIG. 2. Trochoblast-speci®c gene expression is abolished if cytokinesis is blocked before third cleavage, but not if blocked after third
cleavage. Expression of tubulin genes in Patella embryos in which cleavages were blocked with CCB as detected by nonradioactive in
situ hybridization. All embryos were ®xed at 3 hr 30 min after ®rst cleavage when control embryos reached the 40-cell stage. (A) 40-cell
stage control embryo shows expression of tubulin genes in all 16 primary trochoblasts. (B) Embryo in which the cleavages were blocked
from the 16-cell stage onward, showing expression of tubulin genes in the four 1m2 cells that normally form each four primary trochoblasts.
(C) Embryo in which the cleavages were blocked from the 8-cell stage onward, showing expression of tubulin genes in the micromeres,
the 1m cells. (D) Embryo in which the cleavages were blocked from the 4-cell stage onward, showing no expression of tubulin genes. (E)
Embryo in which the cleavages were blocked from the 4-cell stage onward, showing expression of tubulin genes in one blastomeres. (F)
Embryo in which the cleavages were blocked from the 2-cell stage onward shows no expression of tubulin genes. All embryos animal
view, except in C, lateral view. Scale bar, 50 mm.
with CCB. Tubulin gene expression was analyzed in these In these embryos, the 1m2 cells expressed tubulin genes
(Fig. 2B) and each developed four patches of cilia (Fig. 3B).embryos by nonradioactive in situ hybridizations. In un-
treated embryos, the primary trochoblasts arise from the Thus, each of the four 1m2 cells behaves as a group of four
primary trochoblasts in normal development. In the ``8-vegetal tier of ®rst quartet cells, i.e., the four 1m2 cells in
the 16-cell embryo. These cells divide two more times and cell'' CCB embryos tubulin gene expression was found in
the micromeres (1m cells; Fig. 2C). However, instead of fourthen become cleavage arrested. After their ®nal division,
the embryo has reached the 40-cell stage and tubulin genes patches of cilia, eight patches of cilia are formed on each
cell (Figs. 3C and 3D). In normal development, the 1m cells,are expressed exclusively in the 16 primary trochoblasts
(Fig. 2A; see also Damen et al., 1994). Slightly later, at the which are formed at the 8-cell stage, divide into the 1m1
and 1m2 cells; progeny of the latter daughter cell forms64-cell stage, one patch of cilia is formed on each primary
trochoblast (Fig. 3A). exclusively primary trochoblasts, whereas the progeny of
1m1 forms accessory trochoblasts, the head region, and theEmbryos, in which cytokinesis was continuously blocked
with CCB from the 8- or 16-cell stage onward express tu- apical tuft (Damen and Dictus, 1994c). As the complete
1m micromeres of 8-cell CCB embryos seem to display abulin genes in the primary trochoblast lineages (Figs. 2B and
2C). In the ``16-cell'' CCB embryos, the four vegetal ®rst trochoblast makeup, one can conclude that trochoblast fate
is dominant over nontrochoblast fate in these cells. Thequartet micromeres (1m2 cells) differentiate as trochoblast.
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FIG. 3. Morphological differentiation to trochoblast in CCB treated embryos. Morphological differentiation to trochoblast becomes
manifest as formation of one patch of cilia on these cells, as was detected with immunocytochemistry (A±C) and SEM (D). All embryos
were ®xed at 4 hr 15 min after ®rst cleavage when control embryos reached the 64-cell stage. (A) A 64-cell stage control embryo shows
one patch of cilia on all 16 primary trochoblasts. (B) Embryo in which the cleavages were blocked from the 16-cell stage onward shows
four patches of cilia on each 1m2 cell; each 1m2 cell forms four primary trochoblasts with one patch of cilia in normal development. (C
and D) Embryo in which the cleavages were blocked from the 8-cell stage onward shows eight patches of cilia on each micromere. The
cell boundaries in the scanning electron micrograph (D) have been delineated in black. All embryos animal view, except in D, lateral
view. Scale bar, 40 mm.
developmental fate of trochoblasts thus becomes progres- in two other independent experiments expression was
found in a small number of embryos. The reason for thissively restricted to the micromeres at the third cleavage and
to the 1m2 cells at the fourth cleavage. variation is unclear. In these 4-cell CCB embryos, formation
of cilia was never observed, not by immunocytochemistry,Embryos that were continuously incubated with CCB
starting before third cleavage do not express trochoblast nor by SEM, nor by TEM (not shown). In embryos treated
with CCB from the 2-cell stage onward expression of tu-fate. In the majority of the embryos (94%) in which cytoki-
nesis was blocked with CCB from the 4-cell stage onward, bulin genes has never been found at all (Fig. 2F).
In order to exclude the possibility that the drug CCB di-no expression of tubulin genes was detected at the moment
control embryos reached the 40-cell stage (Fig. 2D). In only rectly delays or inhibits tubulin gene expression, the onset
of tubulin gene expression in embryos which were incu-6% of the 4-cell CCB embryos tubulin gene expression is
found in one, two, three, or all four blastomeres (Fig. 2E). bated from the 8-cell stage onward with CCB was compared
to control embryos. At the very early 32-cell stage no ex-The number of 4-cell CCB embryos with blastomeres ex-
pressing tubulin in one or more blastomeres varies from pression was found in both groups (2 hr 30 min after ®rst
cleavage; not shown). At a late 32-cell stage and the 40-cellexperiment to experiment. In three independent experi-
ments no expression of tubulin was found at all, whereas stage (3 hr after ®rst cleavage and 3 hr 30 min after ®rst
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FIG. 4. Trochoblast-speci®c tubulin gene expression is abolished if third cleavage is blocked. Expression of tubulin genes in Patella
embryos in which one of the cleavages was blocked with CCB, as detected by nonradioactive in situ hybridization. All embryos were
®xed at 3 hr 30 min after ®rst cleavage when control embryos reached the 40-cell stage; for control embryo see Fig. 2A. (A) Embryo in
which the third cleavage was blocked by an incubation with CCB from 10 min after second until 10 min after third cleavage shows no
expression of tubulin genes. (B) Embryo in which the second cleavage was blocked by an incubation with CCB from 10 min after ®rst
until 10 min after second cleavage shows expression of tubulin genes in some groups of cells. (C) Embryo in which the fourth cleavage
was blocked by an incubation with CCB from 10 min after third until 10 min after fourth cleavage shows expression of tubulin genes in
all cells in animal part of the embryo. All embryos animal view, except in C, lateral view. Scale bar, 50 mm.
cleavage, respectively; not shown) clear expression was were not regular; therefore, it was not possible to identify
the origin of the positive cells; however, these cells indubi-found both in the 8-cell CCB embryos and in the control
embryos. Thus, in both 8-cell CCB embryos and control tably expressed a trochoblast fate. In the embryos in which
only the fourth cleavage was blocked, all cells at the animalembryos tubulin expression starts at the same moment;
therefore, the drug CCB has no direct effect on the onset of side expressed tubulin genes (Fig. 4C); no doubt these cells
were the progeny of the ®rst quartet micromeres. Thesetrochoblast-speci®c tubulin gene expression.
Summarizing, a continuous block of the cytokinesis data clearly show that the third cleavage or cytokinesis at
the third cleavage is required and should take place at thestarted before the third cleavage obstructs both trochoblast-
speci®c tubulin gene expression and morphological differ- right moment for expression of trochoblast fate. Further-
more, the fourth cleavage is required to restrict this fate toentiation to trochoblast, whereas a continuous block of cy-
tokinesis started after the third cleavage does not. These the primary trochoblasts (1m2 cells). In addition, these data
con®rm that obstruction of tubulin gene transcription isresults suggest that third cleavage is required for later differ-
entiation of these trochoblasts. not directly caused by the drug CCB itself.
As soon as the third cleavage is blocked with CCB, no
expression of trochoblast fate can be detected. Thus, the
Third Cleavage Is Required for Trochoblast- third cleavage is required for expression of trochoblast-spe-
Speci®c Tubulin Gene Expression ci®c tubulin genes later in development and forms a crucial
moment in the speci®cation of the trochoblasts. In order toAdditional evidence for the assumption that the third
cleavage itself is required for trochoblast differentiation is con®rm this and show that no low level of overall tubulin
gene transcription takes place in these embryos, RNA ofderived from experiments in which we blocked just the
third cleavage by an incubation with CCB from 10 min after CCB-treated embryos was isolated and subjected to an anal-
ysis on Northern blot. (Fig. 5). This Northern blot analysissecond cleavage until 10 min after third cleavage. These
embryos resumed cytokinesis and passed from 4 to 16 cells fully con®rms the data as obtained with the in situ hybrid-
izations. Blocking third cleavage is suf®cient to obstructat the moment control embryos started their fourth cleav-
age. The majority of these embryos (86%) did not express enhanced expression of tubulin genes normally found dur-
ing development.tubulin genes at all (Fig. 4A); only a small number (14%)
expressed tubulin genes in a small group of cells. In contrast,
expression of tubulin genes was found in all embryos when Formation of the First Quartet of Micromeres Is ain a comparable way only the second or the fourth cleavage
Prerequisite for the Speci®cation of Trochoblastswas blocked. Embryos in which only the second cleavage
was blocked expressed tubulin genes in one or more groups A third series of experiments was performed to test the
role of micromere formation during the third cleavage. Inof cells (Fig. 4B). The division patterns in these embryos
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these experiments, we incubated embryos which just had
reached the 8-cell stage with CCB. In a number of these 8-
cell embryos the cleavage furrow between the micromere
and macromere retracted. In 57% of the embryos (n  127),
this happened in all four quadrants resulting in 4-cell em-
bryos. In 24% of the embryos the furrow retracted only in
one, in two, or in three quadrants, whereas in the other
quadrant(s) a micromere and a macromere were formed. In
19% of the embryos in all four quadrants cytokinesis was
completed and four micromeres and four macromeres were
formed. In all cases, the micromeres expressed tubulin
genes, whereas all macromeres and all ``4-cell stage'' state
blastomeres were negative for tubulin gene expression (Fig.
6). Thus, the formation of micromeres including the com-
pletion of cytokinesis is required to allow trochoblast-spe-
FIG. 6. Cytokinesis at third cleavage is required for trochoblast-ci®c tubulin gene expression. These data suggest that the
speci®c tubulin gene expression. In situ hybridization of an embryoseparation of developmental fates of micromeres and mac-
which was incubated with CCB just after the third cleavage was
romeres at the third cleavage is required to ensure tro- completed. In one of the quadrants the cleavage furrow was not
choblast speci®cation. completed resulting in retraction of the cleavage furrow is this
The above experiments imply that the cytokinesis at the quadrant. Three quadrants in this 7-cell embryo are in the 8-cell
third cleavage is decisive for the separation of determinants stage state, with each a micromere and a macromere, whereas the
for trochoblast-speci®c tubulin gene expression. In order to fourth quadrant is in the 4-cell stage state. The three micromeres
express tubulin genes, whereas the three macromeres and the 4-refute any doubt on the speci®c effects of CCB, we ®nally
cell stage state blastomere do not. Animal view. Scale bar, 50 mm.applied an alternative method to obstruct formation of the
®rst quartet micromeres. Four-cell stage embryos were
slightly compressed in the animal±vegetal direction to in-
terfere with micromere formation at third cleavage. The
embryos were compressed by applying pressure perpendicu- plane instead of four animal micromeres and four vegetal
macromeres (Figs. 7A and 7B), as was also found in com-lar to the animal±vegetal axis of the embryos by placing
them in a sandwich of two glass slides in a droplet of seawa- pressed embryos of Limax maximus (Guerrier, 1970). The
cytoplasms that normally become separated in micromerester surrounded by oil. Due to this compression a rosette of
eight cells was formed during the third cleavage, likely as and macromeres might merge in one cell. After the third
cleavage, the compression was released and the embryosresult of displacement of the spindles and the position of
the cleavage furrow. All eight cells were positioned in one were reared until control embryos reached the 40-cell stage;
they were then subjected to an in situ hybridization for
tubulin. Seventy-nine percent of these embryos (n  138)
did not express tubulin genes at all (Fig. 7C); in 21% of the
embryos, expression of tubulin genes was found in one, two,
three, or all four quadrants (Figs. 7D and 7E). If in a quadrant
tubulin expression was found, a quartet of four positive cells
was always found. In these quadrants, the angle of the spin-
dle was probably not displaced enough to disturbe the segre-
gation process. Thus, either the differentiation in a quadrant
was normal and four ``primary trochoblasts'' were formed
or differentiation was completely obstructed.
Embryos that were subjected in the same way to pressureFIG. 5. Third cleavage is required for trochoblast-speci®c tubulin
gene expression. Northern blot with total RNA of 150 embryos during the second cleavage expressed tubulin genes in four
that were continuously incubated with CCB from 10 min after ®rst groups of four cells (n 35) (Fig. 7F) and thus showed normal
cleavage onward (lane 1), from 5 min after second cleavage onward primary trochoblast differentiation. Although the cleavage
(lane 2), from 20 min after second cleavage onward (lane 3), and patterns were slightly irregular in these embryos, they more
from 10 min after third cleavage onward (lane 4). Lane 5 contains or less normally form micromeres at the third cleavage.
total RNA from 150 embryos that were incubated with CCB only Both the CCB and the pressure experiments imply that a
during the third cleavage (from 10 min after second cleavage until
correct formation of micromeres during third cleavage is10 min after third cleavage); lane C contains total RNA of 150
required to enable trochoblast-speci®c gene expression. Thecontrol embryos. First, the blot was probed with an a-tubulin probe
correct formation of micromeres ensures a proper separa-(top; exposure, 2 weeks) and, after removing this probe, the blot
tion of the cytoplasms for micromeres and macromeres andwas probed with the 28S rRNA probe as a control for the amount
of RNA in each lane (bottom; exposure, 1 day). the determinants in them. Likely, cytokinesis at third cleav-
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FIG. 7. Pressure at third cleavage prohibits correct micromere formation that appears to be required for trochoblast-speci®c tubulin gene
expression. If 4-cell stage embryos are subjected to pressure perpendicular to the animal±vegetal axis, no animal micromeres and vegetal
micromeres are formed, but 8 cells in one plane. (A) 8-cell stage control embryo stained with gallocyanin; animal view; only micromeres
are in focus. (B) Gallocyanin-stained 8-cell stage embryo that was subjected to pressure during the third cleavage as described under Materials
and Methods; all 8 cells are arranged in one plane. (C±E) Expression of tubulin genes in embryos that were subjected to pressure at third
cleavage as described above; embryos were ®xed at the moment control embryos reached the 40-cell stage (Fig. 2A). Embryos do not express
tubulin genes (79%; C) or express tubulin genes in one or more quadrant (21%; D, E). (F) Embryo that was subjected to pressure during the
second cleavage exposes a more or less normal expression pattern for tubulin genes. All embryos animal view. Scale bar, 50 mm.
age generates a permanent distribution of regulatory mole- These embryos do not express tubulin genes if control em-
cules for trochoblast differentiation between micromeres bryos reach the 40-cell stage (n  58; not shown). Addition-
and macromeres. Thus, micromere formation at the third ally, most of the embryos that were centrifuged during the
cleavage forms a prerequisite for the speci®cation of tro- third cleavage (from 25 min after the second until 10 min
choblasts. after the third cleavage) did not express tubulin genes (96%;
n  102) (Fig. 8B); only a few embryos (4%) were positive
for tubulin gene expression in one or two groups of cells
Disturbance of Patterns of Regulatory Molecules (Fig. 8C). Thus, trochoblast speci®cation is obstructed in
by Centrifugation these embryos, likely by the disturbance of the pattern of
localized regulatory factors which is present at the thirdIn order to disturb the segregation of determinants during
cleavage. In normal development this pattern becomes ®xedthird cleavage, we subjected embryos to centrifugation be-
by the cytokinesis of the third cleavage.fore and during the cleavages. In embryos that were centri-
The same experiment after the third cleavage allows tro-fuged at 2000g at the 4-cell stage (from 10 min after second
choblast-speci®c tubulin gene expression. Most of the em-cleavage until 25 min after second cleavage), the cytoplasm
bryos centrifuged at the 8-cell stage (from 10 min after thirdbecomes strati®ed in three visible layers along the animal±
cleavage until 25 min after third cleavage) differentiatedvegetal axis (Fig. 8A). The third cleavage in these embryos
takes place at the same moment as in control embryos. more or less normally; they expressed tubulin genes in four
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FIG. 8. Disturbance of trochoblast-speci®c tubulin gene expression by centrifugation. (A) Embryo centrifuged at the 4-cell stage (from
10 min after second cleavage until 25 min after second cleavage). Embryo was photographed after it passed the third cleavage. (B±D)
Tubulin gene expression in embryos which were centrifuged (2000g, 15 min, 187C) before or during a cleavage. Embryos were ®xed at the
moment control embryos reached the 40-cell stage (see Fig. 2A). (B and C) Most embryos do not express tubulin genes if centrifuged before
or during the third cleavage (B); only a few embryos (4%) express tubulin genes in one or two groups of cells if centrifuged during third
cleavage (C). (D) Embryos centrifuged during the fourth cleavage show a more or less normal expression pattern for tubulin genes. Embryo
in A lateral view; embryos in B, C, and D animal view. Scale bar, 50 mm.
groups of four cells (59%; n  56). Only a few embryos which normally occurs before third cleavage and which be-
comes ®xed by the cytokinesis of the third cleavage. The(11%) expressed tubulin genes in less than four groups of
cells and 30% of these embryos did not express tubulin pattern of determinants cannot be displaced any longer by
centrifugation during the fourth cleavage, which suggestsgenes. An explanation for these negative embryos may be
that the cleavage furrow was not entirely completed in a that the regulatory factors for trochoblast differentiation
probably become ®rmly localized between third and fourthnumber of these embryos, which resulted in mixing of the
cytoplasms of the micro- and macromeres at the onset of cleavage.
centrifugation. Centrifugation of embryos during the fourth
cleavage (from 25 min after the third until 10 min after
the fourth cleavage) had no effect on primary trochoblast DISCUSSION
differentiation. All embryos (n  90) expressed tubulin
genes in four groups of four cells (Fig. 8D). The pattern of Restriction of Developmental Potential in the
trochoblast determinants thus is established before fourth Cleaving Stage Embryo: Distribution of
cleavage and cannot be disturbed by the centrifugation at Determinants?
the fourth cleavage.
These experiments show that centrifugation interferes se- Many speci®cation events in early development involve
cell divisions in which the daughter cells acquire differentverely with trochoblast differentiation if applied before or
during the third cleavage. Likely, a pattern of determinants developmental fates. This process is founded on the asym-
metrical distribution of determinants during initial cleav-for trochoblast differentiation is disturbed in these embryos
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ages. In Patella the differentiation potential for primary tro-
choblasts is con®ned to the micromeres at the 8-cell stage
and then segregated to the 1m2 primary trochoblast precur-
sors at the 16-cell stage (this paper; Janssen-Dommerholt,
1983). Our data strengthen the assumption that tro-
choblasts are speci®ed by the asymmetric positioning of
gene regulatory determinants during the cleavage divisions
which arrange a progressive regional restriction of differen-
tiation potential. At the 8-cell stage, the determinants be-
FIG. 9. Model for the role of third cleavage in trochoblast differen-come localized in the ®rst quartet micromeres and succes-
tiation. An activating (l) and an inhibitory (h) determinant forsively become allocated to the 1m2 cells at the 16-cell stage.
trochoblast fate are present in 4-cell blastomeres. Only one quad-After the 16-cell stage, the complete progeny of the 1m2
rant is shown. The activating determinant becomes progressivelycells develops into trochal cells; the determinants presum-
restricted to the 1m2 cells of the 16-cell stage embryo, whereas the
ably distribute to all daughter cells. inhibitory factor stays present throughout the embryo. Because of
In a number of other invertebrates, restriction of differen- the increase of the relative concentration of the activating determi-
tiation potential to speci®c cell lines has been found. How- nant compared to the inhibitory determinant, trochoblast differen-
ever, in cleavage-arrested embryos of the ascidians Ciona tiation can take place.
intestinalis and Halocynthia roretzi, the nematod C. ele-
gans, and the annelid Platynereis dumerilii differentiation
markers for particular tissues are expressed independently
of cleavage divisions (Whittakker, 1973; Laufer et al., 1980; ment 4 allows expression of the gene in nontrochoblasts,
which strongly implies that a inhibitor is involved in re-Dorresteijn and Graffy, 1993; Ueki et al., 1994). In contrast
to these species, primary trochoblast-speci®c markers in pressing the gene in nontrochoblasts (Damen and van Loon,
1996). In trochoblasts, the gene was activated via a posi-Patella were only expressed in embryos that were division
arrested after third cleavage. This implies that in Patella a tively acting mechanism. In this paper, we show that a
separation of the differentiation potentials of macromeressegregation of differentiation potentials has to take place
before differentiation markers for trochoblasts are ex- and micromeres at the third cleavage is required to enable
expression of trochoblast fate. As both negatively and posi-pressed; in casu the segregation of the differentiation poten-
tials for micromeres and macromeres must be completed tively acting factors are involved in trochoblast-speci®c
gene expression (Damen and van Loon, 1996), trochoblastbefore expression of primary trochoblast fate is enabled.
speci®cation may be regulated by the segregation of posi-
tively and negatively acting factors. The role of the cytoki-Cytokinesis at Third Cleavage Fixes a Differential nesis of the third cleavage in this speci®cation process may
Distribution of Activating and Inhibitory be the ®xation of the pattern that is formed.
Determinants for Primary Trochoblast In the model as depicted in Fig. 9, we propose the segrega-
Speci®cation tion of an activating determinant for trochoblast differentia-
tion during the cleavages, whereas an inhibitory determi-A correct formation of micromeres at third cleavage is
decisive for the speci®cation of trochoblast fate. A blocked nant is present throughout the embryo. In the blastomeres
of 4-cell embryos both determinants are present and theor delayed third cleavage, as induced with CCB, or an incor-
rect third cleavage, in which the orientation of the cleavage relative concentration of the activating factors is too low
to compete with the inhibitory one. At the third cleavageplane was altered, prevents trochoblast-speci®c gene expres-
sion. These data imply that an appropriate distribution of the activating determinant becomes allocated predomi-
nately in the micromeres. At the fourth cleavage, subse-differentiation potential for micromeres and macromeres
during the third cleavage is required to provoke expression quently, the activating determinant becomes primarily re-
stricted to the 1m2 cells. The accumulation of the activatingof primary trochoblast fate. This could be explained either
by assuming that determinants are concentrated in micro- determinant initially in the micromeres and after the fourth
cleavage in the 1m2 cells results in an increase of the relativemeres and should reach a threshold level or alternatively
that at least two determinants specify trochoblast fate, one concentration of the activating factor which thereby be-
comes dominant over the inhibitory factor in these primaryacting positively, another negatively.
In previous work, we demonstrated that both negatively trochoblasts. The pattern of the activating and inhibitory
determinants is present in the embryo at the cytokinesis ofand positively acting factors are involved in the regulation
of the expression of the trochoblast-speci®c a-tubulin-4 the third cleavage and becomes ®xed by this cytokinesis.
Correct formation of the cleavage furrows during the thirdgene (Damen and van Loon, 1996). The activation of the
a-tubulin-4 gene was suppressed in nontrochoblasts. The cleavage therefore is decisive for cell-speci®c gene expres-
sion in primary trochoblasts later in development.negative regulation of the gene in these nontrochoblasts
acts via one of the identi®ed elements, element 4, in the Accessory and secondary trochoblasts develop from de-
scendants of ®rst and second quartet micromeres (progenypromoter region of the a-tubulin-4 gene. Deletion of ele-
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Bowerman, B., Draper, B. W., Mello, C. C., and Priess, J. R. (1993).of the 1m122 and 2m11 at the 64-cell stage). These tro-
The maternal gene skn-1 encodes a protein that is distributedchoblasts arise in between the quartets of primary tro-
unequally in early C. elegans embryos. Cell 74, 443±452.choblasts. These trochoblasts are likely speci®ed in a com-
Costello, D. P. (1945). Experimental studies of germinal localiza-parable way by the accumulation of trochoblast determi-
tion in Nereis. J. Exp. Zool. 100, 19±66.nants in these cells during their formation. Accessory and
CreÂton, R., Zwaan, G., and Dohmen, R. (1994). Retinoic acid modu-secondary trochoblast precursors, isolated at the 16- or 32-
lates the pattern of cell division in embryos of Lymnaea stagnaliscell stage, form two large ciliated trochoblasts and a number
(Mollusca). Roux's Arch. Dev. Biol. 204, 70 ±74.
of small cells (Wilson, 1904; Damen and Dictus, 1996), sug- Damen, P., and Dictus, W. J. A. G. (1994a). Cell-lineage analysis
gesting that the autonomous fate is two accessory and two of the prototroch of the gastropod mollusc Patella vulgata shows
secondary trochoblasts per quadrant. However, due to an conditional speci®cation of some trochoblasts. Roux's Arch. Dev.
interaction with the mesodermal stem cell 3D, this autono- Biol. 203, 187±198.
mous fate in the D-quadrant is overruled and no secondary Damen, P., and Dictus, W. J. A. G. (1994b). Cell-lineage of the
trochoblasts but two additional accessory trochoblasts are prototroch of Patella vulgata (Gastropoda, Mollusca). Dev. Biol.
162, 364±383.formed in the D-quadrant (Damen and Dictus, 1994a, 1996).
Damen, P., and Dictus, W. J. A. G. (1994c). Clonal-restriction mapIn several species determinants are already localized in
of the trochophore of Patella vulgata (Mollusca, Gastropoda).the oocyte, such as for example bicoid and nanos in the
In ``Cell-Lineage, and Speci®cation of Developmental Fate andDrosophila oocyte (Tautz, 1992; St Johnston and NuÈ sslein-
Dorsoventral Organization in the Mollusc Patella vulgata.'' P.Volhard, 1992) and Vg1, Xwnt11, and Xcat2 in the Xenopus
Damen, Ph.D. thesis, Universiteit Utrecht, pp. 97±116.oocyte (Weeks and Melton, 1987; Ku and Melton, 1993;
Damen, P., and Dictus, W. J. A. G. (1996). Organiser role of theMosquera et al., 1993). Another possibility is that the pat-
stem cell of the mesoderm in prototroch patterning in Patellatern is set up during the initial cleavage stages and becomes
vulgata (Gastropoda, Mollusca). Mech. Dev. 56, 41 ±60.
®xed at the third cleavage. In the mollusc Dentalium Damen, W. G. M., van Grunsven, L. A., and van Loon A. E. (1994).
(Geilenkirchen et al., 1970) and the nemertine Cerebratulus Transcriptional regulation of tubulin gene expression in differ-
(Freeman, 1979), determinants which provide the animal entiating trochoblasts during early development of Patella vul-
blastomeres with the potential to form apical tuft are ini- gata. Development 120, 2835±2845.
tially localized in the vegetal region of the oocyte and Damen, W. G. M., and van Loon, A. E. (1996). Multiple cis-acting
should be segregated to the animal hemisphere at the eight- elements act cooperatively in directing trochoblast-speci®c ex-
cell stage. Our data do not give cues about the moment pression of the a-tubulin-4 gene in Patella embryos. Dev. Biol.
176, 313±324.the pattern of activating and inhibitory determinants for
Damen, W. G. M., Klerkx, A. H. E. M., and van Loon, A. E. (in press).trochoblast differentiation is set up. They only show that
Cell speci®c gene regulation in early molluscan development.this pattern is ®xed by the cytokinesis of the third cleavage.
Invertebr. Reprod. Dev., in press.A prepattern of these determinants could already be present
Davidson, E. H. (1990). How embryos work: A comparative viewin the oocyte and the successive cleavages result in a restric-
of diverse modes of cell fate speci®cation. Development 108,tion of these determinants to particular blastomeres or al-
365±389.ternatively the pattern is set up during the initial cleavages.
Dorresteijn, A. W. C., and Graffy, C. (1993). Competence of blasto-
To answer the question how trochoblasts are speci®ed, it
meres for the expression of molecular tissue markers is acquired
will be necessary to isolate and characterize the determi- by diverse mechanisms in the embryo of Platynereis. (Annelida).
nants that are involved in trochoblast differentiation. Roux's Arch Dev. Biol. 202, 270±275.
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